Many central vascular catheters (CVCs) are removed unnecessarily because current diagnostic methods for CVC-associated infection are unreliable. A quantitative PCR assay using primers and probe targeted to bacterial 16S ribosomal DNA was used to measure the levels of bacterial DNA in blood samples drawn through the CVC in a population of patients receiving intravenous nutrition. Bacterial DNA concentrations were raised in 16 of 16 blood samples taken during episodes of probable bacterial CVC-associated infection. Bacterial DNA concentrations were raised in 4 of 29 episodes in which bacterial CVC-associated infection was unlikely. The use of this technique has the potential to substantially reduce the unnecessary removal of CVCs.
In many patient populations, central vascular catheters (CVCs) are routinely used for the administration of drugs, fluids, or intravenous feeding solutions. CVCs are a major risk factor for bloodstream infections. The majority of hospitalacquired bloodstream infections are associated with the use of a CVC (3) . These infections are associated with considerable costs for patients and health providers.
CVC infection is caused predominantly by bacteria, particularly staphylococci, with a small proportion of infections being attributable to fungi. Staphylococcus epidermidis is the most common cause of CVC-associated bacteremia. CVC infections caused by S. epidermidis can often be effectively treated with antibiotics infused through or locked in to the CVC (4, 15) . Many of the other bacterial and fungal causes of infection respond poorly to antibiotic therapy alone, and patient outcome is improved by removal of the CVC.
Traditional methods of diagnosis of CVC-associated infection rely on clinical features and quantitative microbiology of blood samples (15) or on methods that can only be applied following CVC removal. The clinical features of CVC infection may be nonspecific, particularly in patients undergoing intensive care or in patients who are immunocompromised. A number of novel methods for the diagnosis of CVC infection have been proposed (1, 2, 4, (7) (8) (9) (10) . These methods have not been widely adopted, either because of poor performance in some groups of patients, such as those on antibiotics, or because of a requirement for invasive sampling of the CVC. Blot et al. (2) described a method that compared the differential times to positivity, as determined by a continuous automated blood culture monitoring system which compares the growth rates of organisms in blood collected from the catheter and a peripheral vein. Another method involves culture from the terminal 4-cm segment of the cannula, which is rolled over the entire surface of an agar plate five times, and counting of the resultant colonies (9, 12) . However, interpreting the significance of the resultant growth may be problematic (9) . In addition, quantitative microbiology is unreliable for patients exposed to antibiotics, so even with appropriate use of diagnostic methods there often remains considerable diagnostic uncertainty. As a result of this uncertainty, infection involving the CVC is confirmed for fewer than 25% of CVCs removed because of suspected infection (4) .
We report an evaluation of a novel approach based on the quantitative detection of bacterial DNA in blood samples drawn through the CVC.
MATERIALS AND METHODS

Patients and samples.
A population of patients undergoing intravenous feeding were selected for study. These patients are not routinely treated with prophylactic antibiotics (which might compromise culture-based diagnostic methods) and have relatively few risk factors for disseminated bacterial infection other than the CVC. Samples collected from 46 patient episodes (13 patients) were analyzed. These 46 patient episodes included 16 episodes of probable bacterial CVC infection and one fungal CVC-associated infection. There were 52 CVC samples in total because in six episodes samples were collected from a second lumen of a double-lumen CVC. There were 28 paired blood samples (where blood was taken through the CVC and also from a peripheral vessel). Blood cultures were not collected from four episodes. For all but three patients, samples were taken when patients presented at the out-patient clinic for review (with or without signs or symptoms compatible with CVC-associated infection). Patients with signs or symptoms compatible with CVC-associated infection were reviewed within 24 h whenever possible. Ethical Approval for the study was obtained from the East London and City Health Authority Research Ethics Committee.
Four-milliliter blood samples were collected into EDTA anticoagulation tubes (Becton-Dickinson, Oxford, United Kingdom) directly from the CVC and also, when acceptable to the patient, from a peripheral vessel by aseptic technique. These samples were sent through the routine sample transport system (at ambient temperature) to the laboratory and stored in aliquots at Ϫ70°C. Sample analysis was performed by laboratory staff with no knowledge of the patient condition. Samples excluded from this analysis were those that were Ͼ72 h old on arrival in the laboratory, those collected within 14 days before or after the day of onset of an episode of probable CVC infection (those collected on the day of onset were included), and those collected while the patient was on intravenous antibiotic therapy.
Criteria for classifying episodes as probable CVC-associated infection. In this evaluation, episodes were classified as fulfilling the criteria of probable CVCassociated infection or not (14) . Probable CVC-associated infections were de-fined as those episodes with (i) two or more blood culture sets collected within a 72-h period positive for coagulase-negative staphylococci (category A); (ii) a positive blood culture in a patient with signs or symptoms of infection, a CVC in place, and without another potential source of infection and whose clinical condition improves in response to appropriate treatment for CVC infection (intravenous antibiotic treatment and/or CVC removal) (category B); (iii) a positive blood culture in a patient with signs or symptoms of infection and with an isolate indistinguishable from the CVC tip culture (category C); (iv) fever, chills, and/or hypotension associated with CVC manipulations and responding to treatment appropriate for CVC-associated infection (intravenous antibiotic treatment and/or CVC removal) (category D); or (v) inflammation extending beyond the subcutaneous cuff of the CVC in a patient with systemic signs or symptoms of infection (category E).
Development and evaluation of quantitative 16S rDNA detection methods. (i) Primer and probe design. A total of 119 16S ribosomal DNA (rDNA) sequences comprising 56 species (Table 1) were retrieved from GenBank and aligned by using BioEdit (5), and highly conserved regions were identified. Possible primers and probes were selected and then validated by using the Primer Express Soft- ware provided by Applied Biosystems. We were unable to identify oligonucleotides with appropriate melting temperatures (T m s) for the TaqMan assay by using standard 6-carboxytetramethylrhodamine (TAMRA)-quenched probes; this was resolved by the use of a probe which contained a minor groove binding nonfluorescent quencher acting as a T m enhancer, which permitted the use of a 17-bp probe targeted to a highly conserved region of the bacterial 16S gene family. The chosen primers and probes did not show any likely cross hybridization with human genome sequences. The performance of these primers and probes was compared to those of two other recently published sets of primers and probes (Table 2) .
(ii) Assessment of 16S rDNA probes and primers with bacterial DNA standards. The ability of the primers and probes to detect 10 pg of purified DNA from the following species was determined: Escherichia coli ( Fig. 1 . For reasons of clarity, typical results for two organisms only, S. epidermidis and E. coli, are shown. With these bacteria, all three methods gave an approximately linear response with amounts of bacterial DNA down to about 1 pg. Below this level, the primers and probes designed by Nadkarni et al. (13) continued to give a linear response, which was maintained to below 100 fg. In preliminary experiments, the ability to detect DNA at amounts down to 1.0 pg was found to be critical in distinguishing probable CVC-associated infection from unlikely CVC-associated infection (M. R. Millar, S. Warwick, M. Wilks, J. Leeming, and McCarthy, Abstr. 43rd Intersci. Conf. Antimicrob. Agents Chemother., abstr. 1883 Chemother., abstr. , 2003 . The method of Nadkarni et al. was therefore used in this study.
(iv) DNA extraction from clinical and control samples. DNA was extracted from 200-l aliquots of EDTA-anticoagulated whole blood. The sample was mixed with 1,200 l of freshly prepared 0.17 M ammonium chloride and incubated at room temperature for 30 min. Following centrifugation at 11,600 ϫ g for 10 min, the pellet was washed twice with 500 l of sterile saline (0.9%, wt/vol). By using the QIAamp DNA minikit (Qiagen), the pellet was resuspended in 180 l of Qiagen ATL buffer (containing EDTA and sodium dodecyl sulfate) and exposed to six freeze-thaw cycles (cycling between Ϫ70°C and 50°C), with vortexing between, before being heated in a boiling water bath for 10 min. The remainder of the extraction procedure was performed according to the manufacturer's protocol. DNA was eluted in 50 l of buffer following a 5-min incubation. Extracts were stored at Ϫ20°C before analysis.
A number of controls were routinely run with each batch of tests. These included blood samples from a healthy individual with and without spiking with bacteria. An extraction control of blood spiked with 10 CFU of S. epidermidis/l was found to yield DNA levels close to the lower limit of detection. Bacterial DNA controls of known amounts (100 pg to 100 fg) and a negative control (with template DNA omitted to detect reagent contamination) were also included in each run.
(v) PCR conditions (TaqMan assay). Real-time PCRs were carried out by using the ABI PRISM 7900HT sequence detection System (Applied Biosystems, Cheshire, United Kingdom) in optical 384-well plates. Ultrafiltration of reagents, as suggested by Yang et al. (17) , was not performed. Reactions mixtures contained (1ϫ) TaqMan universal PCR master mix (Applied Biosystems), a 300 nM concentration each of the forward and reverse primers, a 100 nM concentration of the fluorescent probe, 2 l of template DNA, and water to give a final volume of 20 l. The cycling conditions were 50°C for 2 min, 95°C for 10 min, and then 40 cycles of 95°C for 15 s and 60°C for 1 min.
The threshold cycle (C t ) value, which is inversely proportional to the log of the amount of target DNA initially present, was calculated by using SDS software version 2.0 (Applied Biosystems). All samples were run in triplicate.
Statistical methods. The median C t value from each triplicate was used in the analysis. The data were modeled in order to estimate detection rates, falsepositive rates, and potential reductions in unnecessary removals of CVCs. The area under the curve and its 95% confidence interval were calculated by using Roctab in Stata (16) .
RESULTS
Staphylococci were the predominant bacteria associated with episodes of probable bacterial CVC infection. The bacteria associated with CVC infection were coagulase-negative staphylococci, S. aureus, K. pneumoniae, S. maltophilia, and P. aeruginosa. The 16 episodes of probable bacterial CVC infection included two episodes of extensive tunnel infection with systemic signs and symptoms of infection (category E) from the exit site, of which S. aureus and P. aeruginosa were isolated. All of the other 14 episodes were associated with positive blood Nadkarni et al. (13) are presented here. The distributions of C t values for blood samples collected through the CVC from patients with probable CVC-associated infection and those unlikely to have CVC infection are shown in Fig. 2 . All of the episodes of probable CVC-associated infection gave C t values of less than 35. Four of the episodes unlikely to be CVCassociated infection gave C t values of less than 35. These included three episodes in two patients with exacerbations of severe inflammatory bowel disease and one episode in an otherwise clinically stable patient without fever or other stigmata of infection. The one episode of CVC-associated yeast infection gave a C t value in the same range as those for the samples from patients thought to be unlikely to have CVC-associated infection. The distribution of the differences between C t values for CVC and peripheral blood in patients with probable CVCassociated infection and those unlikely to have CVC infection is shown in Fig. 3 . There were nine episodes of CVC-associated infection where peripheral and CVC blood samples were collected (11 CVC and 9 peripheral samples) . In only two of the nine samples was the level of bacterial DNA raised in the peripheral blood sample.
In four episodes of probable CVC-associated infection there were double-lumen CVCs in place. In two of these three episodes there were large differences in the C t values between the different lumens of the same CVC, although all were below 35 cycles. Statistical analysis and use of a receiver-operating curve. The data were examined to see whether it would be appropriate to model them by means of a normal distribution or a normal distribution above and below a cut point. Data for the group with probable CVC-associated infection and with low C t values and data for the uninfected group with high C t values will not affect the choice of cut point, so it was thought more useful to have the data at the other ends of these distributions modeled accurately. In the model for those episodes with probable CVC-associated infection, 5% would have CVC blood C t values below 23 replications, while 95% would be distributed normally with a mean of 30.7 and a standard deviation of 2.48 cycles. For those unlikely to have CVC-associated infection, 6.25% would have C t values below 32 and the rest would be distributed normally with a mean of 36.6 and standard deviation of 1.85 cycles. Figure 4 shows the receiver-operating curves for the actual data and the modeled data for C t values from CVC blood samples. For both lines, the point nearest the top left corner is based on a cut point of around 33 to 33.5 cycles. These values minimize misclassification, but because it is less important to misclassify someone without a line infection than someone truly with one, the more useful cut points will be higher than this, and results for cut points of 34.5 and 35 cycles are described. The modeled data do not appear to on December 18, 2017 by guest http://jcm.asm.org/ overestimate the effects, as at the cut points of interest, the actual data give higher detection rates than the modeled data. The area under the curve for the actual data is 0.957, and the 95% confidence interval for the area under the curve is 0.91 to 1.0.
DISCUSSION
The diagnosis of CVC-associated infection is often difficult because of dependence on quantitative microbial culture, which is compromised by use of antibiotics, or invasive sampling, or removal of the CVC. Microbial culture methods may take several days to give a result, and invasive sampling methods may result in embolization or bacteremia (1) . We have evaluated a novel approach based on quantitative detection of bacterial DNA drawn through the CVC. The advantages of a DNA-based approach are that it can work even when patients have been treated with antibiotics (6) and can be automated. The principle of this approach is that the concentration of bacteria (and therefore bacterial DNA) is high in blood drawn through a colonized CVC. The method used in this evaluation would be unlikely to reliably detect the small numbers of bacteria in the blood of patients with bacteremia. The test is rapid, and the cost per test is low once the appropriate equipment is available. There are a number of published methods for the quantitative detection of 16S rDNA, and each will give a different C t value that differentiates samples of blood from colonized and uncolonized CVCs. This discriminatory C t value varies with the patient population, the choice of primers and probe, and the operating characteristics of the quantitative PCR analyses used (Fig. 1) .
It is highly unlikely that one set of primers and probes will identify all bacteria that might cause CVC infections or bacteremia. The forward primer devised for this study had three mismatches with M. oxydans DNA, two mismatches with C. diphtheriae and C. xerosis DNA, and also one mismatch between the probe and the DNA from these organisms, which could not be detected in the assay. The forward primer devised by Yang et al. (17) also has mismatches with M. oxydans, C. diphtheriae, and C. xerosis DNA and also with S. maltophilia DNA. The UniProbe and reverse primer used by Yang et al. contain mismatches with P. aeruginosa and Helicobacter pylori, respectively. Similarly, the reverse primer for the method of Nadkarni et al. (13) shows a mismatch with Salmonella enterica serovar Enteritidis, and the probe has a mismatch with A. baumanii and Acinetobacter lwoffi.
Using the method of Nadkarni et al. (13) for a cut point of 34.5 or 35, the detection rates in our modeled data would be 94 and 96%, respectively, while the false-positive rate would be 18 and 24%, respectively. It is generally accepted that only one of every six CVCs that are removed because of a potential line infection actually show evidence of infection (3) . If this test was applied to the hospital population, the percentage of CVCs removed unnecessarily could be reduced by 80% (from five to one for each real line infection) if the cut point was 34.5 and by 76% if the cut point was set at 35 cycles. This percent reduction in unnecessarily removed CVCs is not altered by more than 1% for a range of prevalences (10 to 50%) of probable CVCassociated infection. The difference in C t values between CVC and peripheral samples was determined largely by the level of CVC blood positivity, and the difference between the CVC and peripheral blood samples did not improve the predictive value of this testing approach.
The results suggest that in this population of patients, a single sample from the CVC is as valuable in excluding the diagnosis of CVC bacterial infection as is comparison of the levels of bacterial DNA in the central and peripheral blood. In this study there were only a small number of samples from the multiple lumens of a colonized CVC, but we found variation in the amount of bacterial DNA in samples taken from the different lumens, suggesting that this test approach might be useful in differentiating which CVC is colonized in patients with multiple CVCs. There were four samples with positive test results from patient episodes not fulfilling criteria for CVC infection. We do not know if these were a result of sample contamination, in which case repeat samples might have produced negative results. Alternatively, these results might represent bacterial colonization of the infusion system, hub, or CVC without invasion of the vascular compartment; reflected bacteremia; or translocation of bacteria or bacterial DNA.
Although we deliberately excluded samples from patients who had received antibiotic therapy within the preceding 2 weeks. DNA from bacteria that have been killed by antibiotics can still be detected by PCR in the blood (6), suggesting that the technique may be useful in patient populations in which antibiotic treatment is more common. This approach needs to be evaluated for other patient groups, such as those in intensive care and those under treatment for cancer. In previous studies and further preliminary work using the method reported, here we have found high levels of bacterial DNA in the peripheral blood of some immunocompromised patients with bacteremias, even during antibiotic therapy (10) . It may be that this testing approach would best be applied in an immunocompromised population by comparing bacterial DNA concentrations in blood drawn through all lumens and peripheral blood. Repeated sampling will also show whether bacterial DNA is transient or persistent. The target for the quantitative PCR is a region of the 16S rRNA gene which is highly conserved in most bacteria. This ensures that the test has the potential to detect virtually all of the bacterial causes of CVC infection. This approach may be further developed by combining it with methods utilizing genus-or species-specific targets (11, 17) .
